We study the equation of state (EOS) of nuclear matter as well as the properties of unstable nuclei for supernova explosion and r-process in the relativistic many body approach. We provide the EOS table that covers a wide range of density, composition and temperature in supernova explosion by the relativistic mean field (RMF) framework, which is based on the relativistic Brückner-Hartree-Fock theory and is checked by the experimental data of unstable nuclei. The relativistic EOS table, thus obtained, is successfully applied to the hydrodynamical simulations of supernova explosion. We perform also the r-process simulations of the neutrino-driven wind from the proto-neutron star and show that the neutrino-driven wind in supernova explosion is a promising site for the r-process to create heavy elements.
Introduction
The physics of supernova is fascinating since it is the key to understand the stellar evolution and the origin of the heavy elements. The mechanism of supernova explosion is still one of big mysteries in astrophysics. Whether the r-process nucleosynthesis to create heavy elements happens in the supernova is also an important question to be answered at the same time. To attack these problems, one has to perform careful numerical simulations with the reliable information of nuclear physics at extreme conditions.
One of essential ingredients from nuclear physics is the equation of state (EOS) of dense matter. The challenge is to describe both unstable nuclei and dense matter covering the wide region of high density, neutron-rich and high temperature during supernova explosion. Because of the lack of the EOS table to cover all conditions, it has been difficult to perform simulations to follow the series of phenomena: gravitational collapse, core bounce, the birth of a neutron star, neutrino wind to lead r-process, and explosion.
To provide the properties of unstable nuclei and dense matter in supernova conditions within a reliable nuclear many body framework, we have constructed the EOS table for supernova simulations within the relativistic mean field (RMF) framework. The RMF framework has been successful to describe the structure of unstable nuclei as well as stable ones.
1,2) We construct the effective lagrangian with non-linear σ and ω terms based on the relativistic Brückner-Hartree-Fock theory. The parameters of the lagrangian are constrained by fitting the experimental data of mass and charge radii of stable and unstable nuclei. We apply the same RMF framework to the calculation of the EOS table in the wide region of the environment by adopting the Thomas-Fermi approach.
3-5)
This relativistic EOS table enables us to perform the full simulations of supernova phenomena from the gravitational core collapse to the cooling of the neutron star newly formed. We are applying the relativistic EOS table to the hydrodynamical calculations of core collapse, the supernova neutrinos from the birth of neutron star, 6) and the neutrino wind from proto-neutron star. 7) Here we show the examples of the application of the EOS table to the hydrodynamical simulations in astrophysics.
Core collapse and supernova explosion
The supernova explosion occurs at the end of the stellar evolution of the massive stars. After the nuclear burning stages, the Fe core is formed at the center and starts collapsing due to the gravity. As a result of the collapse, the central density becomes high up to (or beyond) the nuclear matter density and the inner part of the core bounces back due to the nuclear repulsive force. The shock wave is launched at the same time as the proto-neutron star is born at the center. If the shock is strong enough to go through the outer part of the core, the shock wave blows off the outer layer of the star.
That is believed to be the scenario of the supernova explosion. However, whether this explosion is successful or not is a long-standing problem. To answer this question, one has to treat macrophysics such as hydrodynamics and neutrino transfer together with microphysics such as neutrino physics and nuclear physics. One of the important ingredients in microphysics is the properties of dense matter during the core collapse. The EOS determines crucially stellar structure, hydrodynamics and the reaction rates in dense matter and, therefore, influences largely the supernova explosion. One has to provide the EOS at the wide region of the environment during the core collapse. However, the lack of such a complete table of EOS derived by the microscopic framework has been a problem for supernova studies. The relativistic EOS table, which we have completed recently, enables us to perform the numerical simulations of the whole phenomena in supernova explosion.
As the first test of the relativistic EOS table, we apply it to the hydrodynamical simulation of the core collapse. Here we assume the adiabatic collapse dropping the neutrino reactions to see hydrodynamical behavior using our EOS table. We take the Fe core model from the stellar evolution calculated by Woosley and construct the initial configuration. Afterwards, we follow the hydrodynamics of the core, which is already gravitationally unstable. Figure 1 
to right. Soon after the core collapses gravitationally, the bounce occurs at high density, leaving a compact object (red part) at the center. The shock wave (dashed curve) is launched at the bounce, and propagates towards the surface, leading to a successful explosion. Although this is a test calculation treating only hydrodynamics without neutrino transfer, which is an another key part, we have found that the EOS table works quite well even for dynamical situations. We are currently working on the full simulations of hydrodynamics with neutrino transfer to clarify the mechanism of explosion. 
R-process in the neutrino-driven wind
Rapid neutron capture process (r-process) is believed to be the origin of heavy elements in the history of the Universe. However, the site of the r-process having enough neutron source is one of the big mysteries in astrophysics. Supernova explosion is most likely the site, but where and how the r-process can occur in supernova has not yet been clarified. We study the neutrino-driven wind from the proto-neutron star born right after the core bounce as a r-process site by hydrodynamical simulations.
7)
At the surface of the proto-neutron star, the matter is heated up due to neutrinos and the surface material escapes as a wind. This wind from the proto-neutron star surface is believed to be a site for the r-process nucleosynthesis. However, the hydrodynamical condition of the wind, such as entropy, electron fraction and dynamical time scale, has a large uncertainty in previous studies. We perform the numerical simulation of the hydrodynamics of the surface layers just above the proto-neutron star to determine these conditions and to clarify whether the r-process occurs and how r-process products are.
We adopt the numerical code for the general relativistic, implicit hydrodynamics in spherical symmetry. 8) The general relativistic treatment is essential to study the hydrodynamics around the compact objects such as neutron stars. The heating and cooling processes due to neutrinos are added on top of the hydro code. The implicit time differencing is also essential to follow the hydrodynamics for a long time, which is much longer than the sound crossing time in the dense matter of neutron stars. The hydro code uses the lagrangian mesh, which is suitable to follow the thermal history for the nucleosynthesis. We adopt the table of the relativistic EOS, which is used for the supernova study mentioned above. Figure 2 demonstrates the hydrodynamical simulations of the neutrino-driven wind. The surface layers above the protoneutron star are heated up due to neutrino interactions. Mass elements are ejected gradually escaping the gravitational potential. Matter is expanded and cools down as a result. From numerical results, we can examine the hydrodynamical condition of the nucleosynthesis to judge whether the r-process is possible. We found that the expansion time scale is shorter than the ones estimated in previous analytic studies. Shorter expansion time scale is favorable for the r-process since it leaves higher neutron to seed nuclei ratio. Using the trajectory of the simulation, we found that the r-process occurs in the case of a short expansion time scale under a certain condition for neutron star mass and neutrino luminosity by performing the nuclear reaction network calculations. Figure 3 shows the calculated abundance of the r-process elements as a function of the mass number. The peaks at A = 130 and A = 195 are produced successfully and the abundance pattern matches very well with the observational abundance of the r-process elements in this case. This result implies strongly that the neutrino-driven wind is a promising site for the r-process. Further numerical simulations of the neutrino-driven wind using the profiles and the neutrino spectrum from the proto-neutron star cooling simulations are being performed currently.

Summary
We have completed the EOS table that covers a wide range of density, composition and temperature in supernova explosion by the relativistic mean field (RMF) framework. This EOS table enables ones to perform the numerical simulations of supernova phenomena. To derive the reliable supernova EOS, we have constructed the RMF framework based on the relativistic Brückner-Hartree-Fock theory and we have checked the framework by the experimental data of unstable nuclei. As astrophysical applications of the EOS table, we have demonstrated that our relativistic EOS table is successfully applied to the hydrodynamical simulations of supernova explosion. We have also shown by hydrodynamical simulations that the neutrino-driven wind in supernova explosion is a promising site for the r-process to create heavy elements.
